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'*1. Abstract j 

P'.inmzg iJ i aece*ary Task for intailigtnt. adaptiv* systems 
operating independently of human mntrollera. Hut — papar 

rsscra — an J m»on planning system that perform* task 
planning hy^decocpoaing a high-level mirn ion objective into 
suhtask* and syntheauung a plan for those tasks at varying 
lesTls of abstraction- We use a blackboard architecture to 
partition the search space \nd direct the focua of attention of 
the planner. Using advanced planning techniquea. 
control plan syntheais for the complex planning a 
lived tn mission planning. \ / 

2- latrocuction 'S 

Planning is a necessary task, for intelligent, adaptive systems 
operating independently cf h man controllers. Autonomous 

systems need to plan their -ctiocs and adapt themselves to 
erv. renmenui changes for survival. Given a high level sua- 
sion specification, the mission planning module needs to syn- 
thesize a sequence of actions to achieve mission goals. This 
requires advanced teenmeues that reason about constraints. 



granularity :f search, spatial configurations. levels of abstrac- 
t;:n and temporal erdenngs. Robotic systems benefit from 
these planning tec uniques by increasing their independence 
from miss: on control. As a msu.t, expanded missions with 

i 

mused super/ aery control can be conceived md executed 1 . 


Various approaches are being used m planning systems. 
STRIPS uses means-ends anaiysro m rebet problem solving by 
testifying deferences from a state description to a goai and 
selecting forward production ru.es to reduce them”. NOAH 
roes levels of interaction and a least -commitment strategy to 
generate parallel puss hierarchical? for an rodcc* mobile 
rrxt J . OPM uses rppcrrumsr.c reasoning to solve the errand 
p. inning problem ry combining xth tep-oewu and -xttem-up 
p. arming activities 3 4 . MCLGHN uses nolru re: me ment to 
p.an experiments m mc*ecuiar mciogy by instantiating specific 
:peranons from a sequence of gererromec plan steps*. 
PROTEAN uses i riackbcard architecture to configure protein 
•tr-cfures -y -ra.scn.ng mint *he jc.-von - o 'he -r~~lem a 
we.1 is the prcc.em-Kivmg process R >ur mission planner 
builds cn these earner systems and uses kev isoects :'rom 
eacn. It a .np*emented within the 3B! olac ktcari 
ire hi tecrure rod _ses the features ifferec ry 331. 


3. Mission Planning 

"be overall control of m ten emeus systems requires the 
management :f multiple subsystems rocperatmg to achieve 
mission goals. One such subsystem j nunen pu yuuay. This 
paper reports on a mission planning system ouut for the 
autonomous opera turn of rMCs autonomous .rod vemcie, tn 
MU 3 tracked vehic.e. 


Mission planning is the process of synthesizing t sequence 
cf actions to satisfy goals and constraints posed by the mis- 
sion manager. Mission plans are specified at varying levels 
of abstraction, with misnon profiles at the higher levels and 
command sequences at the lower levels. 'ommand sequences 
are fixed to perform specific tasks given the chicle’s opera t- 
irg characteristics: as such, they are best sequenced by com- 
puter pro g rams that perform table lookups. Contention 
among these commands can usually be resolved at the higher 
levels, thus interaction among commands ;s minimal. At the 
other end of the planning hierarchy, mission profiles specify 
objectives and time tables for accomplishing the objectives. 
The vehicle achieves these objectives by executing command 
sequences downloaded by Stisnon Control at 'he appropriate 
times specified in the mission profile- Mission profiles lend 
themselves to template or scr.pt planning because they are 
specified at a level of detail higher m the abstraction hierar- 
chy where mteraktion among the objectives is minimal. 

Tasks, on the other hand, ire synthesized m to plans by con- 
sidering '-he current state of the mission. Tasks consist of 

command sequences an autonomous vehicle executes to achieve 
some part zt the overall mmion. The planner performs task 
planning by decomposing the high-level missies objective into 
jufctaska and synthesizing a plan for those tasks at varying 
levels of aastraction. Intermediate tasks must be selected roc 
sequenced in such a way that subsequent goero ran be ach- 
ieved. An exemplary task performed by the planner is to 
develop a plan for conducting reconnaissance :n a particular 
irta specified by the mission comma rider. "nr example. a 
mission to rondure area reconnaissance .s necessary when the 
rommancer desires specific information about rartam locations 
dt facilities within a defined area. To acccmpiish this mis- 
sion. the planner must find overwatch positions for reccn- 
nettenng the targets. establish .-cutes xcuencmg these posi- 
tions. retaro itea.th a the operation rod Tpcrt ill rofer- 
maticn rapidly and accurately*. 

Tasks refer to the mtermediate abstraction levels in the 
-.inning merartnv. tnose .evrls where nteraction among 
planning iecisicns j the highest. Interaction imeng tasks et- 
*her by sequencing tasks with prerequisite rod postrequisite 
ronditions rr by decomposing tasks into juhtasks makes ip 
'hie roteresting planning problem. These interactions occur .a 
a dynam.ra.ly changing environment rod meat* a rom- 
binatcnai expiation :f the planning ipace: the jearoh through 
thro dynamic planning space a a key ssue f;r mrosion plan- 
ners. 


4. Blackboard Architecture 

• v * roe implementing :ur mission p.roner roir.g 3 EDS. i 
Blackboard liven: Driven fynem*. x version i he 23’ 


blackboard architecture*. As such. K defines probiem-iolving 
knowledge sources for syuthesixinj plan steps, t multi-level 
solution blackboard for recording partial plans and a flexible 
control structure for controlling the expansion of the planning 
space. 

Using a blackboard, a hierarchy of -tstnctioo levels where 
each level re presen t* • partial state description of the world 
•t some umc. we can partition the search space and direct 
the focu* of attention of the planner. We map the problem 
space onto the blackboard by specifying abstraction levels m 
the plan hierarchy. These levels represent both spatial and 
conceptual abstractions for the rntspnn planning problem. c or 
the mission of area reconnaissance, are generate a visibility 
map by creating boundary regions that contain locations 
visible to the target — a spatial abstraction. For the path 
planning task of the missi on, we generate one type of aoo- 
trafficable region by creating water boundaries — t concert ua! 
abstraction. Diu abstractions help control the exponential 
search procesa required in planning by establishing pLannmg 
•stands; areas where local search can find plan anchors for 
attaching the remainder of the plan. The more independent 
the pl anni ng islands, 'he better the planner controls its plan- 
ning space by relying on local search. The blackboard struc- 
tures the planning space m the proolem domain. To this 
structure, we apply the problem-solving strategy of skeletal 
plan refinement. 

'Alien a mesnen a specified, the planner -houses t general 
design. We specify a design with only the essential detail 
necessa-y to direct the initial search of the plan. This least 
commitment strategy is maimateai throughout the plan 
refinement proc e sa. The design specifies spaual configurations 
for plans ind partitions the planning space into plan seg- 
ments. Once these segments art found, the planner succes- 
sively refines its plan by nstanuating plan steps at the 
lower levels. Plan -ostanua toons occur by creating planning 
elements using the uorrect data abstraction with the current 
plan abstraction- At the design level, the planner cannot use 
low-level data to form decisions. Instead, it uses hign-ievel 
symboiuc object! that re prese nt the relationships between the 
asks that make up the mission. 

For eiample. consider a plan for 1 mcc r .nai s sa r .ee mission 
that synthesizes a sequence of tasks m both tune and space 
such that the final configuration satisfies overriding objectives. 
A good design specifies the spatial orientation for each of the 
tasks. Finding this design depends on the reconnaissance tasks 
nvclved and their relationships to each other. At this level 
of abstraction, the pi saner reasons about the target location, 
the type of reconnaissance mission, visibility maps, non- 
trafficabie regions, military strategy and communication re- 
ruirements. Only after refinement of the design can plan 
steps involving exact task locations oe nstantiated -sing pixel 
data represented is coordinate tr.pies. 

u.i. Controlling Plan Synthesis 

Plan syntheses occurs wnen sino'u.eoge sources nstanrinte 
plan steps recorded n the blackboard hierarchy. Without 
controlling piAn synthesis the planning system would txiius- 
tively create tie solution space of possible plana. Whue this 
works for simple planning problems, n mission planning, is 
the complexity of tie mcmica ncreases. tie number of nil 
grows and tie numoer of potential plans grows tipcnenta.lv. 
We use a three-tiered structure for varying control over the 
execution of knowieege aouroe* n the mission planning sys- 
tem that consists of estcbilshlnf focus decisions. tucuiaj 
strategies ind -unikisg knowledge sources. Tumg prociem 
solving, knowledge icurces oreate decision elements o the 
plan hierarchy — is planning proceeds, mere know edge sources 
ire activated ioa oeccme lvaulaole for execution. A con- 


troller ratea these knowledge sources using focus d wm i ma . 
strategies and rankings, and s scheduler select* s knowledge 
source to execute by choaemg the aeie with 'he highest rating . 

Focus decisions repre s en t collections of heuristics against 
which knowledge sources ere rated*. These dec i sio n s estabhsh 
criteria used to evaluate the utility of knowledge sources. 
For each knowledge sauce the controller calculates s utility 
value by aimmmg together, for each focus dacissoo. the 
produces of a focus weight representing the value of t focus 
■taab'w' and a atisfsction level, the degree to which t 
knowledge source atafies a focus deemon. This calculation 
results m ratings that pnonuxe the knowledge sources a a 
scheduler can select the knowledge source with the higlsst 
rating. Focus decawne are created during problem solving in 
r es pons e to changes in planning and reflect the general be- 
havior of the system. They add high-level control daemons 
tilt the controller usee to direct the generation of plan steps. 

Strategies provide e ngtd control structure that directly con- 
trols the execution of knowledge sources. They permit the 
execution of a strict sequence of knowledge sources. A 
strategy represents a procedure for achieving t particular goal 
and consists of a goal, a status, a rations* and a list of 
strategies and tactics. The goal denotes what the s t rategy 

will iccom f iisb when :t* status becomes operative, and the 
rationale describes what the strategy accompiiahea. The or- 
dered list of strategies and tactics defines the specific subgoals 
that make up the procedure. When strategies are operative, 
knowledge sources that achieve the seme goals of the opera- 
tive strategics receive higher priorities rb»n .Sica that achieve 
different goals. Focus decisions are used to differentiate be- 
tween knowledge sources with the same goals. 

STRaTECY : niO-LOCATIOl 
joal • nW>-COG»TIOM 
statue - OPERATIVE 

rationale • 'Instantiate bast 'acat.oa 'or 
oar* irui rtf a tees* 

st r ategySt oc t ic - ( IMS TAUT I ATE — .3CAT 1US 
RATE-uOCATIOM 
u«c5£-ioo>r:3ii 

STRATEGY : riND-Sl 
Joal - FIIO-HI 
status - OPERATIVE 

rotionols - 'Control# search 'or Of 
st rategyStact i c • ( IXSTahTIaTE-vOCAL-UIEA-RI 
fho-uxat::*; 

Figure o-l: FIND- LOCATION and FIND-R1 strategies. 

F.gure a-l illustrates the structure of two strategics usee ry 
tie Mission Planning System. The first strategy. FTND- 
LOCATICN. consists of three tactics: IN ST ANTIATE- 

LOCAT.O.N. RATE-LOCATION and CHOOSE-3EST-LOCATTCN. 
Thus strategy finds s location by creating nstances of jea 
teens, retmg them ind choosing tie oest me. The second 
nrotegy, FIND-SI. ccnxcsts of tie tactic TVST.A_Vn.ATh- 
LOC.AL-.AREA-R1 And tie strategy FIND- LOCATION. Tics 
recursive definition facilitates rresting new strategies from rx 
■sting ones. This stritegv finds t motion for performing 
tco r . r i. egr .ee ov creating nstunces : .ecu. i reus men 10 - 

mg locations within -> uw areas. 

The third level of control _n tms three-- ered struotiire. 
ranking know led re rurcea . overlaps w-.ti tie preceeiling two. 
Ranking pnoni.res knowledge sources that are grouped 
together because of similarities in function or strategy. 
Turing system design, knowledge sources ire tanked to dif- 
ferentiate between subtietie* m their performance ciaractercs- 
trae. Usually, performance refer* to procem g speed v. tn 
procemmg speed oetermimng tie graniur.ty a search. Ai-c - 
•ng gtves tie controller a discriminating factor when .: 
chooses ameng know.roge scums with toe same rating. 
Thus, -ankeng due nm. nates between mow.scge sources that 
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would otherwt— b* considered equaL Knowledge «3unw 
witb tb* special mil of IMMEDIATE bjpm the control let- 
and at cut* immediately. 

5. Comtr ala t- bml liMoai>| 

Another technique for cootroU: jj search a usutg ooo*mon 
to limit the number jf acceptable plan*. (Xr planner asm 
constraints based on terrain feature information, rwurce 
limitations, vehicle limitation* and military doctrine, In thn 
way. the space of pc— ble planning rolutaoo* * cotmmned 
by the specifications jf the mi— on requirement*. A rnarnon 
must meet certain jbectives wtuie satisfying const raintj that 
limit the success i an operation. The harder* the con- 
straints. the less flexible the plan and the eas^r .t ts to con- 
fine the search. As constraints become softer** they con- 

tribute less to confining the spec* f pomible plans. Oit 
mission planner uses hard constraints to limit the number f 
acceptable plans by reasoning about terrain feature infor- 
ms txm. resource limitations, vehicle limitations and military 
doctrine during the planning process. 

Mission planning * lata intensive; therefore. «*rch must be 
performed using different levels of granularity. ^ e ose a 
strategy that satisfies hard constraints before consider ng the 
sot t constraints. Failure to musty any of the hard coo - 

strain ts results .n the planner either terminating its search yr 
backtracking by coendenng new potential solution*. Our 
planner performs simple wcktncking by expanding its search 
through the data base. 3y continually ^creasing the resolu- 
tion of the search. the planner increases the number if data 
points that it considers during planning. This technique al- 
lows it to make unif orm cuts through the planning spec* is 
:t refine* plans top-down through the plan hierarchy. The 
planner performs more complicated backtracking by mod if Ting 
constraints, thereby achieving the ob^cuve but with some lorn 
, f bpumaiiry. The planner relaxes constraints by propagating 
hard constraints. In jur example cf a reco n naima n ce mission, 
an cr.gmai constraint j to use the reconnaissance technique x 
trangulation. However, when this constraint cannot -* 
musiied. the system relaies .t .ato me that allows straight 
reconnaissance. The constraint remains a hard constraint; .t 
must be mrsfied to complete the nswon. but a plan ailow- 
.rg for straight -eccnnai—nce _s less uenracie than 'hat 
uses tnangulaucn. 


1 Misnot /lisilag 1— Its 

Tbs VtaacB Planning System s written m Zcta^sp on a 
Symbols* Lap Marhint and interfaces to txber software 
modules jsnrlsrf to control FVIC* autonomous land vehicle. 
The fU»w»»ng sy s tem con— t* of 105 domain knowledge 
■airtns, t control knowledge sources, 27 sntrpn and 17 tac- 
tx*. 

Figure 6-1 d»wa the planning state of the Minns Plan 
aing System in the intermediate stage* of finding a plan for 
conducting racoon*— anca In that example, the planner con- 

structs • plan to rscon mater an ax— using tnanguiatioo tech 
oiques tha. gather information about the target. It syn- 
•h— a plan by tun iting knowledge —in— and posting 
information m the blackboard. The blackboard level* are 
shown from the Strategy level down to the Route level. 
Strategy. Tactic* and Foci make up the Control Blackboard, 
while Mu-on. Design. Region. Scnpt. Lot. Location and Route 
make up the Domain Blackboard. Value* are depicted in ooe 
if four stat— underlined value* re p re s e n t operative entena 
that the planner cot—dera when making decisions; values 
ihovn n reverse- video denote the current activated lubgosu 
n the planning space boxed values are the selected positions 
and routes that make up the final plan; and s ha de d values 
me figure 6-2) depict goals that have been accomplished. 
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Figure 6-1: Misnon Planning State co Cycle 21 
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t>ir planner wcru first from hard constraints to find a 
jciution and backtracks only when n tre— ry. It uses so* t 
constraints, but considers them with leas pnonty. Unng con- 
strained search, we confine the planning space to cne that 
satisfies the hard constraint* then find a solution that 
sstufica most .1 the soft constraints. As an -xamp.e. cen- 
nder the problem to place different sized rejects m i .eather 
bcuch. A effectively simple strategy places the larger terns 
.a first, then c/ucezea m the mauler mes. This itrategv 
werits w-*U because the planning space .s characterized iv the 
flexibility :f the leather pcuch. \Lsaicn planning has a 
srmiiar flexible planning space because mi— ens ire defined to 
•r*. com pas* changing -cnoctccns nut xc ur -crin s he ;r*nt;cn 
x i m— ion. Thus, we use a strategy that satisfies the hard 

constrain a, much like placing the larger items _n the '.eather 
pouch first, then squeezes he soft constraints mto place. 


■ Hard constraints -ecer *o those constraint* that must be 
satisfied when finding a v*iud solution. 

*■ Sett constrains -tier to the— xnstrxmts that mav *r mav 
net be satndled when finding a a— d sciatica. 
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Figure 6-2: Mi— on Planning State m Cycle 32 

After receiving a mooo statement from the commander x 
the •ehicie. the planning system begins *o find a pa— tie 
.■ iifl. !t starts by creating focus decisions that brovid* top- 
down control. This behavuir changes is he system opentai 

and creates xher ccntrci decisions. A ueugn a selected baaoc 
:n the requirement for tranguiauon that identifies the tasks 

teceasary to accomplish the msioo. Th— tasks are confined 
to a 'ifwn that j computed based m vehicle and terrain 

constrain a. A'lth the -eg tea com pu ted. the a art end go* 

locations are posted for rtterecc* by the planner. A scnpt 

-esultmg _a a -eccn-e.waace Mission ising tnangulation s 
wiected ana a sxrattfj for jistantiat-ng the xnpt s 
ier.eraai. Here, the pUnner dnpiemena the Hi -R2 strategy 


Mb tha IM pMa. 

Plyut <1 km tha **■■'■* mm aftoe tha f ha 

■B| sha|ihih>. TIM (toml pMa to npnmrud m hM a> 
tha UaMhM ud toaw tost* ta tfcto Via M «*• Mfcfcte 
omb ahmy iOCTTl from tm ewetiay pmMea to tha (to* 

ottth atatoy KXJTES » tha Monad muaaaa locate*. 
KX At this peiat, the vahgto Oiaayalewe Mi acquired 

by m ov tay M iM final MUaatMa atony tOCTEX 


Wa ton bail* a MtoMoa Piaaaaay Spana capebit of ro- 
yaacay tabs u a ctim higher Iml oumua a t p a lm W« 
hart Mult that lyuaam May a black board arcJutacturs that 
definaa know lady mmrr*. a malty leva! blackboard aad a 
flexible control ■tractate. Uauay tlua architecture lategtswd 
with other ptannmy MdmaytB. wa ham aoaaa dayrac at coo 
trol errer tha crptamve aaarch apace inherent in a— plan 
-ting problemn 
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